Recently, we obtained two L-carnitine dehydrogenases (CDHs) from soil isolates, Rhizobium sp. (Rs-CDH) and Xanthomonas translucens (Xt-CDH). The respective molecular masses of Rs-CDH and Xt-CDH were approximately 50 kDa and 37 kDa. In this study, the genes encoding both enzymes were cloned. Their primary structures exhibited high identities with those of 3-hydroxyacyl-CoA dehydrogenases. In addition, Rs-CDH had a 180-residue long extra sequence in its C-terminal region. Except for the initial 20 residues, the extra sequence exhibited similarity to thioesterase. The activity of Rs-CDH was affected only slightly by deletion of thioesterase domain, but it was eliminated by the deletion of the whole C-terminal extra sequence. A further deletion experiment indicated that the region of Ala330-Pro335 of Rs-CDH has important functions in catalytic activity. Moreover, based on the deletion experiment on Xt-CDH, the five-residue tail is considered to have a function similar to Ala330-Pro335 of Rs-CDH.
A naturally occurring quaternary ammonium compound, L-carnitine (L-Car), is present in all mammals. Its major function is to facilitate the passage of long-chain fatty acids through the mitochondrial membrane for subsequent -oxidation and ketone synthesis. 1) Humans with congenital abnormalities of organic acid metabolism have difficulty excreting L-Car.
2) Hence L-Car deprivation causes diseases such as ischemic, 3) infarcted, 4, 5) or failing myocardium. 6, 7) Secondary carnitine deficiency is observed in various conditions, including genetic disorders in the metabolism of fatty acids, 8) branched-chain amino acids, 9) and organic acidurias, [10] [11] [12] and in valproate therapy. 13) Moreover, during growth and pregnancy, L-Car requirements can exceed natural production. Consequently, L-Car measurement is important in the nutrient survey of food and in medical examinations such as the diagnosis of congenital abnormalities in organic acid metabolism and chronic fatigue syndrome.
Various methods to measure plasma and food L-Car levels that include radioenzymatic, 14, 15) HPLC, [16] [17] [18] tandem mass spectrometry, [19] [20] [21] and spectrophotometric methods using enzymes [22] [23] [24] [25] [26] [27] Recently we obtained two CDHs from soil isolates that can use L-Car as the sole source of carbon and nitrogen, Rhizobium sp. and Xanthomonas translucens. [28] [29] [30] The enzyme of the former has a molecular mass of approximately 50 kDa; 31) the latter has a somewhat lower molecular mass (approximately 37 kDa). The N-terminal sequences of CDHs exhibit high identity with N-terminal of hydroxyacyl-CoA dehydrogenase. 32) Hydroxyacyl-CoA dehydrogenases of two types exist in microorganisms: one has an extra sequence in the C-terminal region with a molecular mass of approximately 54 kDa. The other does not (approximately 34 kDa). The values of the molecular masses are in accordance with those of the CDHs from Rhizobium sp. and X. translucens. The difference in the molecular mass of CDH is considered to be attributable to the presence or absence of an extra C-terminal region. In this study, we cloned and expressed the genes encoding CDHs from Rhizobium sp. (Rs-CDH) and X. translucens (Xt-CDH). Their primary structures exhibited high identities with those of bacterial 3-hydroxyacyl-CoA dehydrogenases. Next, we characterized the CDHs to obtain detailed information as to their biochemical properties. Furthermore, we constructed a C-terminal deletion mutant of Rs-CDH to determine the function of the C-terminal extra region.
Materials and Methods
Bacterial strains and plasmids. As the donor strain for Rs-cdh, Rhizobium sp. YS240 was used. At first, this strain was identified as a Pseudomonas sp. by its microbial characteristics. 31) However, it was re-identified as a Rhizobium sp. by 16S ribosomal DNA analysis. As host strains for general cloning procedures, Escherichia coli JM109 and E. coli XL1-Blue were used. Plasmid pTUX102, which contains the whole sequence of the Xt-cdh gene, 29) was used as a template for PCR amplification of the Xt-cdh gene. Plasmid pBluescript, pUC19, pCR-Blunt II-TOPO was used as the cloning vector. Plasmid pMal-c2 was used as the expression vector. Determination of N-terminal amino acid sequence. As analytes, we used purified CDHs from Rhizobium sp. YS240 and X. translucens. 28, 31) The purified enzymes were blotted onto a PVDF membrane after 12% SDS-PAGE under denaturing conditions. 33) The membrane was then stained using Coomassie Brilliant Blue, and the protein band was excised from the membrane. The protein band was sent to Asahi Kasei (Tokyo), from whom we requested determination of the N-terminal sequence by Edman degradation.
Cloning and sequencing of cdh genes. The gene encoding Xt-CDH was cloned in a previous study. 29) A restriction fragment including the Xt-cdh gene was isolated from plasmid pTUX102 and then subcloned into pUC19. Then the Xt-cdh gene was sequenced. The entire Xt-cdh gene sequence was assigned accession no. AB537424 in the DDBJ database. In this study, we further attempted to obtain the gene encoding Rs-CDH. Genomic DNA of Rhizobium sp. YS240 was prepared by the method of Saito and Miura. 34) To prepare the genomic library, genomic DNA was partially digested by BamHI, then ligated into the plasmid pBluescript. Then E. coli XL1-Blue was transformed with the ligated plasmid. Among the transformants, the colonies with CDH activity were isolated by activity staining as described in a previous report. 29) An insert fragment of plasmid obtained from a positive clone (yielding pLC2S) was subcloned into pUC19 and then sequenced. The amounts of CDHs expressed from E. coli transformants harboring pTUX102 or pLC2S were moderate (<10% of the soluble protein of the E. coli cell lysate). The entire sequence of the Rs-cdh gene was assigned accession no. AB079692 in the DDBJ database.
Construction of expression vectors. The full-size genes encoding Rs-CDH and Xt-CDH were amplified by PCR from plasmids containing the whole sequences of both genes using the following primer sets: 5 0 -TCGCCGGATCCATGAGCTTTATCACC-3 0 (r-CDH forward) and 5 0 -CCCTTAAGCTTCAGGCGCGCTTCT-3 0 for amplification of Rs-cdh, and 5 0 -TCGCCGGATCCATGCCCTTCATCACC-3 0 (x-CDH forward) and 5 0 -CCCTTAAGCTTCATTCGCTGAAGGT-3 0 for amplification of Xt-cdh (BamHI and HindIII sites underlined). The PCR products of both genes were digested with BamHI and HindIII, and then were cloned into the BamHI-HindIII gap of pMal-c2, yielding pMal-RsCDH and pMal-XtCDH. Correct cloning was confirmed by sequencing.
Gene expression and purification of recombinant CDHs. We cultivated E. coli JM109, harboring the constructed expression vector for CDH production, at 25 C for 10 h in 100 ml of Luria-Bertani medium containing 50 mg/ml of ampicillin. Isopropyl--thiogalactopyranoside was then added at a final concentration of 0.1 mM. Then cultivation was continued for another 12 h under the same conditions. The harvested cells were suspended in 10 ml of 50 mM potassium phosphate buffer (KPB) (pH 7.0) containing 1 mM 2-mercaptoethanol (2-ME). They were subsequently disrupted by ultrasonication on ice. After removal of cell debris, the solution was dialyzed against 50 mM KPB (pH 7.0) containing 1 mM 2-ME. From the dialysate, CDH fused with maltose binding protein (MBP) was purified using amylose resin (New England Biolabs, Ipswich MA). The dialysate was loaded onto an amylose column equilibrated with 20 mM KPB (pH 7.0) containing 200 mM NaCl, 1 mM ethylenediaminetetraacetic acid, and 1 mM 2-ME. The column was washed with the same buffer. Then the bound protein was eluted with the same buffer containing 10 mM maltose. We tried to remove a fused maltose binding protein from CDHs with Factor Xa, but inactivation was observed in all the recombinant CDHs. We infer that the inactivation of CDHs results from long-term (>6 h) incubation at room temperature under treatment with Factor Xa. Hence the eluates from amylose column were used as a purified enzyme preparation.
Preparation of deletion mutants. To prepare the expression vector for the production of C-terminal deletion mutants of several kinds, both genes were amplified using the following primer sets: r-CDH forward and 5 0 -GAGGTAAGCTTACGGCTTCCGGGCGTT-3 0 for production of the Rs-CDH with a 162 residue deletion from the C-terminal (Á162Rs-CDH); r-CDH forward and 5 0 -CCCTTAAGCTTCAGGC-TACTTGCCC-3 0 for production of Á178Rs-CDH; r-CDH forward and 5 0 -CGGCTTCCGAAGCTTCTACCAGAGCTTGGC-3 0 for production of Á168Rs-CDH; r-CDH forward and 5 0 -CCAGAGCTAAGCTTCC-TAATCGGCAAGCAG-3 0 for production of Á174Rs-CDH; and x-CDH forward and 5 0 -ATTCGCTAAGCTTCTACCCGTGCTTTGC-3 0 for production of the Xt-CDH with a five-residue deletion from the C-terminal (Á5Xt-CDH) (Hind III sites underlined). The PCR products were digested with BamHI and HindIII, and then cloned into the BamHI-HindIII gap of pMal-c2, yielding pMal-Á162Rs-CDH, pMalÁ178Rs-CDH, and pMal-Á5Xt-CDH. Correct cloning was confirmed by sequencing. The deletion mutants were prepared according to the procedures described in ''Gene expression and purification of recombinant CDHs.'' Biochemical studies. Thermal stability was tested by incubating 100 ml of a partially purified sample (0.5 mg/ml of protein) in 20 mM KPB (pH 7.0) containing 1 mM 2-ME for 30 min at temperatures of 4-55 C. Residual activity was measured under the conditions described in ''Assay of CDH activity.'' The kinetic parameters of L-Car oxidation were determined under the conditions described in ''Assay of CDH activity'' in the presence of L-Car and NAD at various concentrations, at a final concentration of 0.2-8 mM for L-Car and 0.01-0.4 mM for NAD. The kinetic parameters of the reverse reaction were determined under the following conditions: An enzyme solution (0.3 ml) was added to 0.9 ml of 200 mM KPB (pH 6.5) containing 0.3 mM of NADH. Then 0.3 ml of 1.5-50 mM 3-dehydro-Car solution was added to the solution described above (final concentration, 0.3-10 mM), and the mixture was incubated at 30 C. Reduction of NADH was detected simultaneously by continuous monitoring of decreasing absorbance at 340 nm using a spectrophotometer (UB2100S; Shimadzu, Kyoto, Japan).
Results

Cloning and sequencing of genes encoding CDHs
The N-terminal amino acid sequences of Rs-CDH and Xt-CDH were determined to be MSFITKAACV and MPFITHIKTF, respectively. Using the methods and conditions described in ''Materials and Methods,'' a genomic library of Rhizobium sp. YS240 was constructed, and was subsequently screened using activity staining. The screening produced several positive clones that contained the entire Rs-cdh gene. Next we determined the nucleotide sequences of the Rs-cdh and Xt-cdh genes, and found that they contained one open reading frame. The amino acid sequences obtained by automated Edman degradation of the N-termini of the two purified CDHs were identified in the deduced primary structure (underlined in Fig. 1 ). Residues important for interaction with the dinucleotide structure of NAD, Gly-X-Gly-X-X-Gly, viz., the common Rossmann consensus, 35) were found in the N-terminal regions of both enzymes. Alignment of the sequences of the enzymes indicated that Rs-CDH has a 180-residue-long extra sequence in the C-terminal region and Xt-CDH does not (Fig. 1) . Based on this result, the difference in the molecular masses of the CDHs were attributed to the presence or absence of an extra C-terminal region. Their primary structures exhibited high identities to those of putative 3-hydroxyacyl-CoA dehydrogenases. Moreover, the extra C-terminal region aside from the initial 20 residues exhibited similarity to thioesterase. This indicates that Xt-CDH has only a dehydrogenase domain, and that the dehydrogenase domain of Rs-CDH fuses thioesterase domains via a spacer sequence.
Production of recombinant Rs-CDH and Xt-CDH fused with MBP
We constructed two expression plasmids, pMalRsCDH and pMal-XtCDH, to overexpress Rs-cdh and Xt-cdh in E. coli. The recombinant enzymes were expressed up to 20% of total soluble cytoplasmic proteins (data not shown). Recombinant enzymes were purified to homogeneity using amylose resin (Fig. 2C) . The specific activities of purified Rs-CDH and Xt-CDH fused with MBP were 17.4 and 9.1 mmolÁmin À1 Ámg À1 , respectively, lower than those for these two enzymes reported by Mori et al. (Table 1) . 28, 31) Considering that recombinant enzymes were expressed as fusion proteins with MBP, a higher molecular weight might have been responsible for the low specific activity. Next we confirmed the K m values of the two enzymes for LCar, 3-dehydro-Car, and NAD. No significant differences were found between the values for the CDHs fused with MBP and those the two enzymes as reported by Mori et al. (Table 1) . Because the primary structures of the CDHs exhibited high identities with those of putative 3-hydroxyacyl-CoA dehydrogenases, we further checked the dehydrogenase activities of the two CDHs toward 3-hydroxybutylic acid and 3-hydroxybutyl-CoA, which are available commercially, but the recombinant enzymes exhibited no activity toward them (data not shown).
Deletion of the C-terminal region of Rs-CDH
To verify the function of the extra CDH C-terminal region, we constructed two deletion mutants of Rs-CDH (Á162 and Á178Rs-CDH; the quantities of them indicate the amino acid-based length from the Cterminus to the deletion site). The deletion site of Á178Rs-CDH was in a position corresponding to the C-terminal end of Xt-CDH based on alignment analysis. In contrast, the C-terminal of Á162Rs-CDH remained a short region of the extra C-terminal region of Rs-CDH, but no thioesterase domain was found. Figure 1 shows the amino acid based deletion site of the various deletion mutants. The deletion mutants were purified to homogeneity using amylose resin (Fig. 2C) .
We characterized the constructed deletion mutants and found that Á178Rs-CDH lost its catalytic activity (Table 1) . In contrast, Á162Rs-CDH retained its dehydrogenation activity; the specific activity of Á162Rs-CDH was 14.5 mmolÁmin À1 Ámg À1 , a value slightly lower than that of wild-type Rs-CDH fused Multiple sequence alignment was performed using the CLUSTAL algorithm. Residues conserved in all sequences are highlighted in black. Colons represent conservative or semi-conservative substitutions in all sequences (bold type). The GXGXXG motif, an important sequence for interaction with the dinucleotide structure of NAD, is indicated at the top of the alignment. Dehydrogenase and thioesterase domains are boxed in white and light gray, respectively. Deletion positions are indicated by black arrowheads. Dehydrogenases: P, putida, putative 3-hydroxyacylCoA dehydrogenase from Pseudomonas putida; B, multivorans, putative 3-hydroxyacyl-CoA dehydrogenase from Burkholderia multivorans; V, eiseniae, putative 3-hydroxyacyl-CoA dehydrogenase from Verminephrobacter eiseniae; S, medicae, putative 3-hydroxyacyl-CoA dehydrogenase from Sinorhizobium medicae; A, radiobacter, putative 3-hydroxyacyl-CoA dehydrogenase from Agrobacterium radiobacter; R, etli, putative 3-hydroxyacyl-CoA dehydrogenase from Rhizobium etli. Thioesterases: A, caulinodans, putative thioesterase from Azorhizobium caulinodans; R, nubinhibens, putative thioesterase from Roseovarius nubinhibens; P, putida, putative thioesterase from Pseudomonas putida.
with MBP ( Table 1) . As for the kinetics data, no significant difference in the V max value for L-Car dehydrogenation and the K m values for L-Car and 3-dehydro-Car was found, as between wild-type Rs-CDH and Á162Rs-CDH. Similarly, deletion of the thioesterase region only slightly affected thermal stability (Table 1 ). In only the K m value for NAD, the deletion caused approximately a 4.5-fold decrease. Furthermore, no activity was observed in Á162Rs-CDH toward 3-hydroxybutylic acid or 3-hydroxybutyl-CoA (data not shown). These results reflect the fact that the thioesterase domain of Rs-CDH is not associated with affinity toward the substrate for dehydrogenation and structural stability.
When we deleted 16 residues from the C-terminus of Á162Rs-CDH (Á178Rs-CDH), the enzyme lost its catalytic activity, whereas Á162Rs-CDH exhibited activity at the same level as wild-type Rs-CDH. This indicates that the initial 16 residues of the extra Cterminal region is important in the catalytic activity of Rs-CDH. To narrow the region related to catalytic activity from the initial 16 residues of the extra Cterminal region of Rs-CDH, we constructed deletion mutants of Rs-CDH, Á168Rs-CDH, and Á174Rs-CDH. A, Architecture of Rs-CDH and its deletion mutants. The sequences shown below the architecture represent the amino acid based deletion sites of the deletion mutants. First sequence, Á178Rs-CDH; second sequence, Á174Rs-CDH; third sequence, Á168Rs-CDH; fourth sequence, Á162Rs-CDH. B, Architecture of Xt-CDH and Á5Xt-CDH. C, SDS-PAGE of Rs-CDH, Xt-CDH, Á178Rs-CDH, and Á162Rs-CDH. Here, 5 mg of each sample was loaded onto a 10% acrylamide gel. D, SDS-PAGE of Á178Rs-CDH, Á174Rs-CDH, Á168Rs-CDH, and Á162Rs-CDH. Here, 5 mg of each sample was loaded onto an 8% acrylamide gel. E, SDS-PAGE of Xt-CDH and Á5Xt-CDH. Here, 5 mg of each sample was loaded onto an 8% acrylamide gel. All deletion mutants were produced as soluble proteins. Figure 2A shows the amino acid based deletion sites of the deletion mutants. Both deletion mutants were produced as soluble proteins. They were then purified to homogeneity using amylose resin (Fig. 2D) . Table 1 presents the specific activities of the constructed deletion mutants. A marked decrease in catalytic activity was observed in Á168Rs-CDH, and its specific activity was 0.15 mmolÁmin À1 Ámg À1 . Hence, we were unable to analyze its kinetic constant. Moreover, an additional six-residue deletion (Á174Rs-CDH) caused a loss of catalytic activity. The result was insufficient data to identify the important region in the catalytic activity. The observation of a marked decrease in activity by deletion of six residues from Á162Rs-CDH suggests that the six-residue region of Ala330-Pro335 of Rs-CDH (the six-residue tail of Á162Rs-CDH) has an important function in catalytic activity.
Deletion analysis of Xt-CDH Xt-CDH had catalytic activity, but no C-terminal extra region existed in the enzyme. Because five residues from the C-terminus of the short-type enzymes had no similarity to other long-type enzymes (Fig. 1) , we surmised that the function of this five-residue tail is the same as that of region Ala330-Pro335 of Rs-CDH. Hence next we investigated the necessity of the fiveresidue tail of Xt-CDH.
To determine the function of the five-residue tail, we constructed a deletion mutant of Xt-CDH (Á5Xt-CDH, the number indicates the amino acid-based length from the C-terminus to the deletion site). Figure 2B portrays the amino acid based deletion site of each deletion mutant. This deletion mutant was producible as a soluble protein (Fig. 2E) , but a marked decrease in catalytic activity was observed in Á5Xt-CDH, and its specific activity was 0.12 mmolÁmin À1 Ámg À1 (Table 1) . This indicates that the five-residue tail is necessary for the catalytic activity of short-type enzymes, just as it is in the region, Ala330-Pro335 of Rs-CDH, in the initial 16 residues of the extra C-terminal region.
Discussion
In this study, we specifically addressed CDHs from soil isolates that can use L-Car as sole source of carbon and nitrogen, Rhizobium sp. and X. translucens. [28] [29] [30] [31] Rs-CDH had a molecular mass of approximately 50 kDa. It showed moderate affinity for L-Car (K m ¼ 1:2 mM). 31) In contrast, Xt-CDH had a lower molecular mass and affinity for L-Car than Rs-CDH (MW ¼ 37 kDa and K m ¼ 10 mM). Similarly, a 57-kDa protein from Agrobacterium sp. shows high affinity for L-Car (K m ¼ 0:29 mM), 36) and a 32-kDa protein from Pseudomonas putida shows low affinity (K m ¼ 6:3 mM).
37) The difference in the molecular mass of CDHs is to be attributed to the presence or absence of the extra C-terminal region. First we first surmised that the extra C-terminal region of Rs-CDH is associated with affinity for L-Car, but no effect was observed upon deletion of the C-terminal extra region of Rs-CDH. Because the extra C-terminal region of long-type enzymes shows similarity to thioesterase (Fig. 1) , we speculate that there is another function of this extra region. Although the function of the thioesterase domain is unclear, we found important regions in catalytic activity of CDHs at their C-terminal portion.
The alignment of this 16-residue region indicates an identical sequence of LLXDFEXXLWA among Rs-CDH and long-type 3-hydroxyacyl-CoA dehydrogenases. Some of these conserved amino acids of the enzymes are considered important to their catalytic ability. The tertiary and quaternary structure of the 3-hydroxyacyl-CoA dehydrogenase from pig heart (PDB ID, 3hdh) 38) and human (PDB ID, 1f12) 39) has been clarified; their primary structures show approximately 25-30% identity with those of Xt-CDH and Rs-CDH without the extra C-terminal region. We used the homology modeling capability of ICM software 40) with the structures of the 3-hydroxyacyl-CoA dehydrogenase from pig heart and human as a template to produce the structure of Xt-CDH. In the predicted structure, the Cterminal region was present around the entrance to the cavity extending to the substrate binding site (Fig. 3) . We speculate from this that the C-terminal tail of Xt-CDH is associated in some way with substrate (or NAD) recognition. The six-residue region, Ala330-Pro335 of Rs-CDH, might also have a function similar to the Cterminal tail of Xt-CDH.
CDHs have increasingly attracted attention as a tool for L-Car assay. Aside from the function of the Cterminal region, an easy strategy for CDH production is also described in this report. At present, an expensive resin, amylose resin, is necessary for enzyme purification. Undesirable proteins such as NAD (NADP) dependent oxidoreductases can be removed by heat treatment if the enzymes show high thermal stability. Therefore, the stability of the enzyme is important from an economical perspective. In our recent studies, using chimeragenesis and site-directed mutagenesis, we modified enzyme functions. [41] [42] [43] [44] We plan further study of a modification of the thermal stability of CDHs to create an enzyme that can become a tool for L-Car assay. The enzyme structure is shown by ribbon diagram. Bound NAD is shown in the CPK. The substrate binding site and the entrance of the cavity extending to the substrate binding site are indicated by shadowed circles.
